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INTRODUCTION 


The hietory of adhesives prior to the 
twentieth century deale larcely with animal and. 
fish glues which were used extensively an early 
ae the Egyptian and Roman Renaissance. The de- 
VYelopment of casein and blood glues wae » rewark= 
able improvement over enie«] glues in the way of 
water resistence (46). 

It is eignificent that adhesiver were 
firet introduced to this country by the furniture 
industry about the year 1608. Secauce these adhes~ 
ives had very poor resistance to beth moicture and 
fungus attack, they were regarded ae inferior sub- 
etitutee for other methode of assembly. Deepite 
the inferiority of these adhewlves, there was no 
grest improvement in properties until the advent 
of aynthetic resine just prior to forld Yar Ii. 
The developments in adhesives during end einee the 
wer heve deen seneational . 
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Adhesive bonding, in ites myried forms, ie 
today the most generelly used method of joining ma~ 
terials. It hae beoome as important ean assembly 
method ae welding, bolting, riveting, or soldering. 

A wide latitude in design features hase been assured 
by highly developed bonding techniques that make it 
pessible to join almost any two solida. 

The adhesive industry, while not the most 
glemorous, ise, nevertheless, a Very essential inéus- 
try. The synthetic adhesives represent one of the 
significant ohemieai developments of the past ten 
years, and have now progressed to the point of high 
production rates, 

The adhegive industry is the third larceat 
single weer of resinous plastic materiale, being ex~ 
ceeded only by protective coatings end molding-cast~- 
ing demands. The adhesive industry aise accounts for 
approximately 60 per cont of the urea and wmelemine 
résins. In 1946, the monthly production of phenolic 
adhesives averaged 1,109,000 pounds end the urea and 
mGlemine sdhesives, combined, averaged about 3,690,000 
pounde (19, 33). ‘The figuree for 1947 represent a 15 
per cent increase over 1946. 

The acceptance of adhesives for atrese car~ 
tying features of construction is clearly indicated 
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in preesnt trends (¢), such as in the faetening of 
automobile brake linings and as in gener) aircraft 
conetruction. Through the proper epplicetion of ma~ 
terials capable of meeting the performence require- 
ments, adhesives will aseame their proper place in the 
industria. pieture, Alreasy eynthetic adhesives have 
Pegletered a firet vy bridging the gap in metai~to~- 
nonmetal bonding. 

Wuech of this industrial progress has been 
empirical, rather than ecientific development based 
On well-grounded theory, and progress ie etili being 
hindered by the lack of stendardization and detailed 
information. Today the industry is uhead of research, 
and further new development must await the advance of 
fundamental investigation. 

The present goal ies an economically feas~ 
ible adhesive for every application demand, easliy 
formed ond applied, thet has ohyeical properties et 
i¢aet as atrong a8 the materials being bonded. 

Yor a better understanding of the types of 
adhesives, «a Claeeified outline based on chemical or- 
igin ie prewented (4, 15, 31, 46). 
Phenol-forsaliehyde 
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Phenol-furfuraldehyde 
Resoreinol-formaldehyde 
Urea~formaldehyde 
Melamine-formaldehyde 

Furenes 

Polyester resing (also alkyde and allyle) 
Aniline~formaldehyde | 
Folyurethanes 

Urea»resorecinol 

Urea~melamine 

Polyisovutylene 

Polyvinyl acetate 


Polyvinyl chioride-acetate 

Polyamidesr 

Silpeones 

Polymethacrylie and polysecrylic seeters 
Coumarone~indenes 

Polyvinyl butyral 
P~Toluene sul phonemide-wldehydes 
Polystyrene 

Fatty seid resin 

Polyvinyl ethere 


Geliulose derivatives 
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Rubber latex 


Watural or reclaimed rubber 
Chlorinated rubber and rubber hydrochloride 
Cyeliged rubber 

?olyechloroprene 
Butadiene-wacrylo-nitrile copolymer 
Synthetic reein-rubber combinations 
Chlorinated synthetic robbers 
Seliuloes ni trate 

Cellulose acetate 

ithylocelluloge 

dethyloellulese 

Zecium carboxymethyl celialose 
Stareh, Lextrin 

Hogin ang resin estere 

Shellac 

Asphaltes 

Gum tragecanth 

Leter gua 

Lineeed 013 (oxidised) 


Sulfite waste Liceore 
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Water Zoluble Qume in Adhesives 
Gum arable 
Cum senegal 
Ceraein gum 
Protein ighestves 
Caeedn 
Soybean protein 
Zein | 
Ag@besives of dmimei ox Dish origin 
Giue (hide, extracted bone, green bone) 
Vieh offal 
Blood slbumen 
Soluble dried blood 
Sodium silicate 
Pertland cement 
Magnesium oxychloride 
Plaster of paris 


Litherge-clycerin 


iephelt 
Shellac 


Cleo~-resing 
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BoBain and hie Sritich co-workers have done 
considerable pioneer work on the theory of adhesion, 
as woll aa on the development of test methode (29). 
Thie work has been closely paralleled and extended 
in thie country by Browne and Trauz at the United 
States Forest *roduets Laboratory. In more recent 
years the AGTW eub-committes on adhesives ané the in- 
dustrial reeserch laboratories have carried on the 
investigation. Unfortunately mich of the inductrial | 
reeesroh remains inaccessible in the secret files of 
the verlous gowpanice. 

During Yorld Yer IT, « number of inveati-+ 
getione were undertaken; the objective being to de~ 
velop a complete background of information on adheg- 
ives. The work done by the Wational Advisory Con- 
mittee for seroneutics during this period was a moot 
Yeluadle contribution to the technology of adhesives 
(37, 29). 
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THEORY OF ADHESION 


Adhesion is defined ae the state in which two 
eurfaces are held together by interfacial forces (22). 
The theories of adhesion represent a series of complex 
phenomena that have long been controversial. tLeriy in- 
veetigatore believed that adhesion depenied upon meohan~- 
foal strength obtained through solidification of the ad- 
hesive in the pores of the surfaces being bonded; they 
alec suepected the presence of chemical forces. The pres- 
ent trend of thought ie toward some form of specific ad~+ 
hesien. It ie quite definite that the aurface forces of 
the materiale being bonded are in some reepect involved 
in edhesion. The types of adhesion are now considered 
ae mecshaniesl, fusion, and epecifie with euaphasle on 
@pecific adhesion (15). | 

It ie poeeible that the charecteristice of 
specific adhesion displayed by reeine are due to the 
Low molecular weight monomere or side-chains ond that 
Cohesive properties of the film formed are due to the 
higher solecular weight molecules. Therwosetting ad- 
heolves, when cured, have both emall end large mole- 
cules. 

*“peeifie adhecion requires wetting of the 
eurfaoe not only by the solvent, but aleo by the ad- 


= toogaoe duce | at ove 


Mo, sotsatnasenrate ot tac? siazeueg a {1 
ont of oud ox esaieer Wd beyalqeth sclteedde. ob ttoage | 
fad? dna eMiado-odte 1 acomonow tdydes tale tow wos 
edt of sub ome Sawrot mitt ad? Yo setiuseorg evieodos 
he Qaltteoacwred? -avivosiow tdxiew «ofuselon «etal d 
~elom eytal bee Liewe dted svad .deeun aede ,sevieed 

-seivo 

o2 to giisvter cottupex wots edba 2 tt ioae® 

“he off YW oats tud ,teavins ef? vd Vide Sou sostius 


9. 


hewive. Good wetting and evidence of chemical af fini ty 
are two of the properties which will indicate the prob- 
able behavior of the low moleqular weight and unreacted 
monomers in normal resin adhesives (16, 30). Yettebil~- 
ity is dependent upon various factors, ineluding the 
wieoosity of the liquid adhesive and ite surface ten- 
gion (45). ‘The sbove ie a hypothesie, and it is well 

to remeaber that the properties of specific adhesion are 
not clearly understeod; it 1s known, hovever, that a sur- 
fece inherite epecifie forces whieh can be modified by 
the absorption of either water or organic watter. 

At least four types of bonding forces are im- 
portant te adhesion; they are electrostatic, covalent, 
metallic, and Van der Yaal's forees. Experimentally, 
these forces are extrewely diffiewlt to analyze; bond- 
img energies have, however, been calculated by Pauling 
(35), and Leonard Jones (17) hae established the eleo- 
trostatic attractions that exist between eurfscer and 
eharged particles. 

deny experts coneider bonding as largely « 
function of surface chemistry (9, 13, 14). It te known 
thet the eurface of « solid oan differ considerably from 
ite internal structure (1, 21, 30). ‘This is especially 
true of metele whieh have eurfaces that are covered with 
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tural changes may be initiated in s eurfece by the migra~ 
tion of active solecules into the surface layer and the 
adsorption of contact moisture or organic matter (45). 
It is true thet various mechanical treatments, euch ae 
grinding, poliching, or abrading, may change the nature 
of the evrface, but it ie questionable ae to how much 
thie affects bonding. If metal ie sublimed on « properly 
prepared surface, @ oryetal pattern is formed in the sub- 
liwed file. The surfaces of wmetale are cryetelline in 
nature end conelet of emall blocks with « number of mi+ 
nute cracks, fiesures, or grain bounderies of smell di- 
mensions. It is thought that the irregular etruoture at 
the surface reeulte in non-homogeneous affinity for an 
edhesive. ‘xperimental results, however, would indicate 
that thie effect ie not appreciable under normal eondi- 
tione of eurface preparation. 

The Xesinoue Preducts and Chemleal Company 
found that certain adhesiver fore etronger bonds with 
high velency metels than with low valency wetele (39). 
This is substantiated by MeBain's work (99). With dif~ 
ferent crades of steel the adheaion was poorest with 
Silicon eteelia; perhaps due toe the oxide film present. 

It is not very clear just why cleanliness is 
#0 important to adhesion; 1+ may be due to the raduction 
in wettabliity initioted by the contaminated surface, or 
it may be due to the reduction in the degree of polymer- 
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igation that results when the solvent disperses the oon- 
taminant among the monomerea (3, 8). — 

It ie considered that the following are impor- 
tant to adhesiont (2, 7, 36, $i, 34). 

i. Surface tension of the adhesive. 

&. Chemical neture of the surface. 

3. Properties of the adhesive. 

4. Thickness of the bonded film. 

5. Method of application. 

6. Selvents and solvent action. 

the phyeicsl properties of adhesive bonde heve 
been found to be related to the thickneas of the edhes- 
ive film formed. I¢ has been suggested that, if adhee~ 
ive filme were formed from 100 per eent liquid adhesive 
monomere containing no Volatile solvent, the apparent 
strength of the assembly would be independent of the giue 
line thickness (8, 12). Thisc hae been partially sub- 
stantiated by this experimental work since it wae found, 
in the initial standardisation, that file thickness ta 
more critical when the total solide content ise relatively 
low, 

The present theories have not been found en 
tirely appliceble nor ali~inelusive in this experimental 
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WEEE POR PURTHER INVECTIGATION om 


If the development in adhesives is to con~ 
tinae uninterrupted, end if industry is to meet the 
practioal goale that are powsible, beste research and 
development wunst continue at an accelerated peace. A | 
complete literature review indicates the need for re~ 
o¢arch in theoretical phenomena, in adhesive develop- — 
ment, amd in improved application techniques. Some of 
the specific probleme influencing adhesion that warrant 
consideration aret 

1. Surface chesietry. 

2. Speeifiec adhesion . 

3. Standardisation of aynthetic types. 

4. Methods of teeting and appraisal. 

&. Vurfeace conditioning and wettability. 

6. Use of solvente . 

7. Thickness of glue line. 

&. Adsorption of filme on the solid surface. 

@. Cleening by heat treating (34). 

10. Other cleaning methods, 

li. Properties of sdhesives such as viscoat ty, 
molecular etructure, etc. 

12. Low tespernture catelytic adhesives. 

i3. Activated surfacec. 

14. Effect of thermal shock on bond etrength . 
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15. Rffect of preceure and temperature. 

16. “etting power of adhesives and solvents. 

i?. Aeidity or alkalinity of the adhesive. 

18. Development of tapes ami flims for indusat~ 
¥ial application. 

19. Low temperature strength properties of cured 
bonds. 

20. Eleetro~deposition of synthetic adhesives on 
metals (23). 

These are only a few of the many problema re<- 
maining to be adequately investigated if synthetic ad- 
hesives ure to retain their rightful position in the — 
field of structural bonding. 

Curing the preliminary investigation involved 
in this work, 1% wae degided first to explore the chem- 
ieal and mechanics] treatment of wetal surfsoer as re- 
lated to bond etrength. Thie pyramided into « general 
¢xplorstion as new probleme were unraveled. Thies study 
wae pureued ag fer as time ond equipment permitted. The 
itivesatigation eae conciuded by the development and teste 
ing of impregnated tiseue films for metal-to-metel bend~ 
ing. | 

Problems studied in thie metal~to-metal bond~ 
ing investigation: 
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1, The effeet on tensile etrength of the following 
variables! 
A. Conditions of ary and precure of the ed- 
hesive prior to making the anasembly. | 
8. Pressure functions @uring the cure period. 
GS. Meghanicel surface treatment. 
Chewiesl surface treatment. 
k. Variation from metal to metal (ateel, 26 
aluwinua, end 17 ST aluminun). 
%. Adhesive carrier films of impregnated ticeue 
paper. 
3. Uneupported adheatve files presently in ex- 
porimental pilot plant production. 
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STATISTICAL ANALYSIS 


The exeoution of thie experimentsl work neces 
eitated the running of » large number of teste, (some 600 
specimens were tested), whieh consumed « considerable 
amount of time, although the sinioum number of specimens 
wae used for each test. Thie forced the use of a method 
of analysis that would give a measured degree of assurance 
with a minimum amount of data covering each variable that 
was wtudied. These clroumetances juetify the use of stax 
tistical analysie. The end point of thie experimental 
work would be the successive elimination and determination 
of the varieble, end can be arrived «et, with some degree 
of aeeurance, only by the sollection of considerably more 
Gata. 

Stetietical analyaie is the application of soi- 
entific methods tor 

{a} the contrei sempling of a body of numerical 
qQuentitative characteristics underlying the 
subject of inquiry, 

(>) the condensation of the eseentisl informa- 
tion to a few mathematical etatictics which 
facilitate intereretation with « sinimum of 
error, 

(oc) the formation of hypotheses regarding the 
true correspondiny parametere and dietri« 
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bution function of the universe of phenom~ 

ena for which the datum is only « sample, 

(4) the testing of these hypotheses in terme 
of sampling probabilities and their rejec~ 
tion or retention on the baeie of qualified 
eredibility, 

(e) the redesign of old or the design of new 
experiments to gather data from which ine 
ferences may ve drawn. 

The fundamental besia of statietical analysis, 
and the one upon whieh the engineering atatietician just- 
ifies ite use in practice, ie thet useful knowledge is 
often empirienl. Thie ipvolves « concent of knowledge 
which ineludes three importent componente, (41), “(a) the 
date of experience in which the procese of knowing beging, 
(b) the prediction P in terme of deta that one would exe 
peet to get if he were te perform certain experimente in 
the future, ond (0) the degree of belief p, in the pre~ 
dietion P baced on the original data or some summary 
thereof az evidence 2°, 

There ie auch evidence in the literature of 
theoretionl chemietry and physics to show that funda- 
mental lawe with which the engineer deale daily are sta~ 
tistical in nature. I+ may be ¢aglly dewonatrated that 
such physical phenomens se temperature, pressure, vie~ 


eouity, ond entropy (from a molecular viewpoint) are in 
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 @peence statiatical distributions. One wight go on inde 
initely, pointing out the statistics. nature of such phe= 
nomena as the Brownian movement, Maxwell's distribution — 
of molecular velocities, the density of « fluid, rates of 
diffusion and evaporation, rates of thermal and photo- 
ehemieal reactions, ete. | | 

Centrolied sampling is the very heart of bta- 
tistical analysis, all inferences being objectively based 
on the original data. Ali quantitative data describing a 
physioal or chemical event arises from the operation of 
one or more causes. It is usual that the number of 
causes producing any partiouler effect is extrenely 
lerge. These causes, which cannot be identified and 
whieh are beyond comprehension, are termed chance or 
rendom causes. “hen only these causes ere operating, 
when they are infinite in number and the variable is 
continuous, the statietioel distribution is the nor- 
wal ourve. This dletribution is generally utilised as 
the criterion of ultimate rendomness. 

Regsrdless of the type of meaguremente made, 
the date will vary sccording te sowe type of statia- 
tical distribution. That ia, the measurements are gub- 
Jeet to the influence of numerous unknown causes, and 
henoe, with all measuremente there ie associated some 
type of error. 
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Statietical sampling procedures aim at a ran~ 
dom set of observations. If a series is found to be non- 
homogeneous by test, it will be necessary to identify and 
remove these individuals of the series which are not com 
petible with the whole, or to remove those protuberent 
causes which are responsible for non-homogenéity. 

Theee experimental data are ilaterpreted through 
analysis of variance. Thia is contingent upon « normal 
dietribution of specimens, and differentiates between var~ 
istion due to chance and variation due to some signifi-~ 
cant variable (9, 10). inee no attempt is being made 
to derive relationshins, correlation studies are not ap<- 
plicable. The derivation of the formules used in analy- 
wing the data are in the appendix, page 72. In a few 
instances the resulta are inconclusive by thie method, 
ané are so designated; im euch cases the collection of 
more data is indicated. 
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EXPERIMEBRTAL WORK 
DRYING AWD PRECURE 


Microscopical examination was used to study the 
nominal conditions for drying amd prequring. First, var- 
ious thicknesses of adhesive on the metal were atudied. 
The thicker the film, the more difficult the problem of 
4rying, and the more the cracks and blisters. This was 
@etermined by observing the drying of liquid adhesive 
film, 2, 4, 6, 8, 10, and 12 mile thick in a series of 
petri diches. Once started, craoking proceeds very rap- 
idly unlese the rate of drying is redueed iamediately. 
The starting pointe in the cracking or blistering fune- 
tion ae weak epote in the eurface destruction. Any pores 
or irregularities in a film act ac eéak spots where 
etresses develop and concentrate az activating forces. 
When the tenelle strength in the vieinity of the weak 
spots le exceeded, cracks develoo because of the ori-~ 
ented tension fields. Observed under polerized light, 
there were bright bende along the cracks and around the 
blisters, indicating internal eleaetic tensions. These 
increased in intenaity ae the cracks and blisters be~- 
Game more prominent. 

if drying is too rapid, or the film is too 
thick, many biietere form. A reasonable explanation is 


that as the flim dries too rapidly, o seum forms on the 
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surface, closing the porer and trapping the remaining 
solvent. 

The forces of pull and pressure set up in the 
surface, when the film wae teo thick or the drying was 
too rapid, were quite obvious from the violent way in 
which the surface was distorted. 

the precure sust be euch that polymerization 
is not extensive. If polymerization ie carried too far, 
there is loss of strength at the adhesive-adhesive inter- 
face where the assembly is made. 

foo rapid drying results in blieters and cracke. 
The heavier the film, the slower the drying sust be; thus, 
a film just gufficiently thick to prevent a etarved joint 
is the optimum. The optimum conditions were determined 
for each adhesive, ami a low temperature dry was used to 
reduce blistering and to eliminate crecking. 

It wee found that a buwid ateosphere during 
the drying period lowers the drying rate, ond may result 
in unsatisfactory effeets regerdiese of how well the 
other variables were controlled. Thie may be explained 
by the hygroscopic character of the eolvent end the con- 
eeguent absorption of water, not only at the surface, 


but throughout the adhesive body. 


‘tase dows Od tem moore eat 


| ‘i | ‘ lea oo ey 
eeeereneny ‘of mottartrenyidd Wf Jevteaotxs tor at 
 erbbedhenevts sine eit te Ktgmotae Ye anol ef erode 
ee a ee 


a“ 


“Bibs thy) A Aaa 
> aie arsteti at ‘et iveor gmived bitax oof 


pyaler Odd toweLa ods ,nk?t edt wotvood oat 
| & thoverd of dodde eeantortiee gout wilt + 
‘eter Snvks ThtOS euMttqo OAT sawaittqo est al 


| Fesbepatashvabeanngeinntton 2vinedbs dene 10% 
SS  eeene etntteRte of bas gattete tie sounder 
pa orodtghones Demuit a) ddd Hine? eae OF - 
ALO ea i (ete natvrb ed? erewsl bolueq gmiyrd odd 
(War Eee wuirte aeelbtayer atoelie yrofeeln tesuny at 


, ee ti 
‘ 3 : he ve 


sboilortnoo orew sektat«sy tedte 


doo Bit fred PAeVToe SHY Yo Tetolicade otgoswornyd wae ye 
“wow tive on %e vEito for .tetow te Moltyresds teeuper 
-vhod eviaaaiha odd Peotqeo td? Gud 


PRESSURE STUDIES 

The effects of pressure were etudied under the 
mieroseope, with the speoiel arrangement pictured on pages 
31-32, useing two pyrex glass dieses 5 inches in diemeter and 
deineh thick. The preseure wae applied through "¢* clamps 
having steel reinforced cork jawe, and the temperature wae 
regulated by the heated platens to be deseribed in connee~ 
tion with the metallographic prea. 

One of the beet illustrations of pressure ef- 
feet (27) wae found while investigating “Cyeleweld 55-3", 
a phenolic-rubber base adhesive wanufactured by the Chry- 
eler Corporation. ‘hie adhesive, when examined in the 
pertially polymerized state, and under the influence of 
heat and uneven preseure dietribution, appeared to have 
inwardly oriented molecules when viewed under polarized 
light. Thie would sugeest either the presence of a per- 
oxide catalyat or of hoop etresces. (See the chotonicro- 
graphe on page 24.) hen one of the pyrex plates cracked 
under preasure during the curing operation, this phenom- 
enen was observed in the arew immediately adjacent to 
the ereck. It wae poseible to reproduce thie chenom- 
nen under any condition which gave uneven pressure die~- 
tribution throughout the oure period. | 

Under normal preseure distribution there was 


polymerization and some flocculation, but no apparent 
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orientation. Steel specimens in which the uneven pres- 
sure distribution was evidenced in the failure, geve re~ 
duoed tensile strength, thue indicating the importance 
of an evenly distributed presoure on the specimens dur~ 
ing the cure. | 

| In another experimental application the sdhes- 
ive was applied to the pyrex diece and they were eccen- 
bled. Heat wae applied, and eventually gae bubbles 
formed (escaping solvent). Preseure rae applied, and 
these sclvent bubbles were forced to the edge and out 
from between the assembly. Ae polymerization continued, 
more bubbles formed and were unable to migrate to the 
edge because of the high viscosity. Pressure was in- 
ereaged and the gae bubbles were driven beak into solu~ 
tion. Apparently the preseure inereasee the solubility 
of the gases in the fluid polymer, since the gases re~ 
appeared in bubble form when the preseure wae released. 
This reversel wac poesible throughout the cure period as 
Long ae the adbesive wae fluid. 

Many contraction cavities were present in the 

Various plates thet were cured with little or no presa~ 
sure. It is seen from the photomiorograph on page 95 
that contraction cavitiees reduce the interfacial srea 
between the adhesive and the surfaces being bonded; this 
ispeaire the total bond etrength. 
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gaeee being evolved. 

Thie microscopical exploration would indicate 
thet pressure in the euring of adhesive jointe serves 
the following functions: 

1. Insures flew of the adhesive to at parte of 
the joint. 

2. Holde the mating eurfeces in intimate contact. 

&. Keduees the sise and number of contraction 
cavities. Be 


4, Reduces stresa concentrations by 
pressure dietribution. 

S. Redueee the number of air bubble 
give line. 

Thie etudy aleo indiested thet vapor bubblece 
can be eliminated by the degassing of the Liquid adhee~ 
ive and the flowing of the sdhesive between the mating 
surfaces by ceplliary action. Thin would require more 
investigation before industrial application eould be 
recommended, 
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OPECTY CATIONS 


Gone measures of bond strength is necessary in 
order to eveluete the various properties being reviewed. 
After survey of the A.¢.7.%. test methods, and the work 
of previous investigators, it was decided to adept ten- 
wile testing ae the primary method of analysis becouse 
it gives 4 better evaluation of bond properties then any 
other single test method presently in use, and beeause of 
the availability of equipment (23). During the atandaré~ 
ization runs, which were made to determing the optimun 
conditions for bonding, the tensile testing wae substen~ 
tiated by double shear teats. Three typee of metal epee- 
imens were ueed - mild steel, 17 ST aluminum, and 2 9 
aluminun; the selection was baved on the availability of 
material and the desirability of correlating and extend- 
ing previous wor’. Cirevlar dise specimens, each having 
a bonding surface serena of one ecuare inch, were used for 
the tests. “ound, rather than square, specimens were 
used in omler te eliminate the point etresses at the 
corners of equare epecimens. Close attention was paid 
to the machining of eli specimens. 

The firet dete were concerned with the effect 
of mechaninoal surface treatment on bond etrength. Spece 
imonea were tested under the following aurface conditions? 
(il, 24) 
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1. Abraded ~ in on Oleen “earometer for 199 revo- — 
lutions, using sluminue oxide. Thie method of — 
abrasion was selected because it gave reprodue- 
ible reegults. 

2. Heballographie poligh ~ preliminary finishing 
at 960 r.p.s. om an AMielf ©. Buleou finishing 
whee] down through triple sero paper. Final 
polishing was om a 1500 F ~ 4 B etendard pole 
ishing head, ecowplete with @« 560 r.p.a. 8<ineh 
balanced polighing @iee. The polishing sgent 
eae a chromic oxide solution conaleting of 3 
greme of the powder and 10 ce of 8 per cent gum 
arable added to one Liter of dietilled exter. 

&. Ag received « aluminum epecinens hed o history 
of will finieh; the eteel epscimene hed a hie~ 
tory of 11) finish, follewed by hericontel 
grinding to provide perellel faces. 

To insure that neo cleanliness variable tes ine 
troduced, the seme cleaning provedure was used for each 
eeries of teats. After many standardisation trials, it 
wee deolded to uee a solvent degreaee following the sur- 
face preparation because of oage and apeed ef aprlica~ 
tion (36). The degree of cleanliness wae determined by 
the water oresk teat. 14 ia common knowledge that a 
Gigem méetaliic surfaces will support « gontinusua water 
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layer. If the water layer breaks and runs off irrege- 
larly, the surface requires wore cleaning. Acetone vas | 
used as the degreasing agent. 


APPLICATION OF AnaEeIVE (42) 


The film of adhesive wae applied by dipping 
the prepared mete] surface, es soon as it wae clean and 
dry, into the liquid athesive. The proper viscosity of 
the adhesive, to give the deuired film thickness, was 
determined by standardization rune prier te actual dipe 
ping. This must be so regulated that the final cured 
glue line is between two and six mile in thickness which 
ia the industrial practice. The combined drying and pre- 
euring time is 18 houre. Frelisinary investigation re- 
vealed the presence of vapor bubbles in the uncured film; 
subsequent drying vas accowplished in a vaouwum deeleeator. 
It i¢ peeelible thet this remevai of air, vapor, and ozy- 
gen from the film wey have introduced another verlables 
however, if gach waz the gane, then the variable was 
present in all applicetione (13, 15). It is important 
that teaperature contrel be employed during the preoure | 
period, and that the adhesive is net heated too rapidly; 
etherwiee, the aurface vores clowe quickiy, trapping 
solvent, and leaving bubbles and contraction cavities in 
the gqured bond. See Figure 3 on page 25. 
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& standard Fisoher metallographic speciaen 
prews, which applice pressure hydraulically through two 
heated braze platens, wae used for the curing operation. 
fhe platens are 4;-inches equare and l<inoh thick, eagh 
gontein a thermometer well and two 150+nett rheostat~— 
controlled finger heaters. A sheet of asbestos board 
separates eaoh platen from the press. *tandaréd shim 
stock wae used to level the platene and to insure even 
pressure distribution. The press is ideally suited for 
the application. 

The specimens were introduced to the press af~+ 
ter the platens had reached curing temperature; a better 
procedure might have been to introduce the specimens with 
the platena at room temperature end gradusliy work up te 
euring temperature. However, time did not permit such a | 
practice, and the regulte were congistent when using the 
proseduré outlined. 

The bonding procedure used was, in general, as 
foliows$ 

ie Dip the prapared bonding eurface of the clean 
end dry epecimens inte the liquid adhesive. It 
was found advantageous to keep the total solide 
content high in order to minimize seivent ef- 
fect and bubble formation. 
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2. Drain the surface momentarily and set the dise 
in a horizontal position with the film surface — 
upper~most. 
3. Allow film to dry as instructed by the e- 
manufacturer. (Righteen hours for Textolite.) 
4. Maintain the platens at the curing temperature. 4 
5. Introduce the assembled specimen into the press, 
being careful to maintain alignment of the epec~ 


imen disos throughout the cure. 


6. Apply optimum pressure and temperature for the 
optimus time. 

7. Release pressure and remove specimens. 

8. Cool specimens in the air and measure the glue 
line thickness. (Final glue line thicknese must 
be in the range .002-.006 inches.) 

From the atandardization runs it was found that 
temperature, pressure, and time must be controlied 
throughout the cure period in order to ineure reproduc- 
ible results. It is neceesary to determine experiment- 
aliy the optimum conditions for each sdhesive. 

The temperature controle the rate of cure, and 
consequently, the time of cure. It was found that e 
elight change in temperature materially changes the 
strength of the bond. 
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FIGURE 4 


Apparatus used for Curing and Pressure Studies. 
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FIGURE 5 


Apparatus used for Curing and Preeeure Studies. 


TRNSTLE TROTING 


Testing ves accomplished in « Southwark 50,000 
pound universal tester having an accuracy of é 10 pounde. 
The dise specimene were one square ineh in contact area, 
and self-aligning tension jigs were used to insure axial 
loading. After feilure, the break was inapected visu- 
ally and microecopically. The oriterion of test socept~ 
ance wae « failure partially ae entirely in the adhesive. 
During the teste, not a single properly cured, clean 
epecimen geve failure entirely at the metal interface. 

While tensile testing does not evaluate ali of 
the properties of the adhesive, it does give as good an 
evaluation as any other single test method, and previous 
investigators have used it more frequently than any other 
method. 
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CRPERTBENTAL DATA 


Liguid Betel-tovtietal Jdhealy (40, 42, 43, 44) 

Anost oli setal adhesives are made by the ad- 
dition of one or sore of the thermosetting resins to one 
Ff the rubber reains. Thies ad¢s strength and hardnese 
to the bond since the thermosetting adhesives produce 
the strongest and «ost resletant bende of oll the vare~ 
ious types of adhesives (28). 

—s-« Segtolite + 19 « rubber base phenolic resin 
adhesive manufactured by Ceneral “leetrie Company. 1% 
ie a partially polymerized liguid of medium viscosity. 
It ie a good me@tal~to-metel adhesive, but hae a limited 
shelf life. 

The specimens ere dipsed in the “Textolite’, 
drained, amd then dried for 16 houre in « vacuums des- 
iecator efter ehich they are sesembled and cured in a 
heated press for fifteen minutes at 300 pei. Im addi+ 
tion to the standardization rune, a tetel of 76 epeci« 
wens were run uging "Textolite". The data are in 
tables i-¢, inclusive. Humidity wae not controlled ex- 
eept for the dota in tabier 1, 2, and 3. 
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Analysis of variance (20). 


Table 1 
Tensile Strenghh 
1 
2200 psi 
2280 2570 
2520 2540 
2690 2620 
2400 2555 


Slide rule aceuracy. 


Total = A+ BoE B(xi)* = ( 2 xt)? «R=? 


KN 


As (2S xi)® + & Zxj-s-p 
N KN 


B @ Total - A 


(See appendix page 72 ) 
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Dividing xi in Table 1 by 10 and subtracting 242 gives: 


xi; hy zig he xiS uly 
484 22 - oo 256 = 6 
196 o14 225s 144012 
100 10 Ye © rvs ar >| 
324 18 1 a . oe 
= xiw 6 a 54 28 


(2x4)* = 1206 850 


: 10984 28 
ne to iy Selb = 456 =P 


859 
— Ro)" —— Mid = aa «8 
2596 = Total 
Source of Variation or Degrees of Variance 
variation sum of squared freedon 
between 485 K~+} 243 
eoluma ~ A 
Between 2113 K(M = 1) 235 
rows ~ 5 


« 843 » 1,034 
pe 28) = 1.034 


F for 5% tables = 4,26 
No aignificant verlation. 
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it is seen from the analysie of variance 
on Table 1 that there is no signifieent variation 
between the several conditions of surface prepara- 
tion. As long as the eurface ie clean the mechan~ 
ieal surface treatment does not appear to be tapor- 
tant. This does not apply te poorly fitted surfaces 
or to surfaces abraded to the extent thet there are 
points of contact between the projections of tro 
surfaces that are capable of stress concentrations. 

Aon attesot was made to study the effect of 
gublimed metal filme on the strength of bond. How- 
ever, the failure occurred in the bond between the 
surfece and the sublimed metal fila, and thue the 
Tremulte were meaningless. 
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TABLE 2 


 Adheaive "“Textolite” 
Surface Cleaning Acetone 
Cure Temperature 166" 
Sure Preseure 3590 ped 
Cure Tine LS simetes 
Type of Betel 17 SY Alassio 


Surface Treatment 


2430 pal 
2770 
BBS0 


Colum Average! 2840 


Anmalysia of variance for table 2 ts on page 74 in the 
appendia. There ia no significant variation. 
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TABLE 3 
Adheaive “Textolite® 
Surface Cleaning Aeetone 
Cure Temperature 148° 
Cure Freecure 390 pet 
Cure Time iS wimates 
type of Ketel 4 8 Alweimam 


Column 4voraget L816 1833 


There is no significent varietion between polished and 
mill finiched epecimenc. 
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Despite the difference in the column means of 
tables i, 2, and 3, amalysie of variance indicates thet 
there is no elgnificant variation with mechaniosl eure 
face treatment s¢ long o# the surface is chemically 
@lean ond free from dirt. Thie is contrary te the pope 
ular belief that sbreded or sanded meteale offer the 
best bonding surfaces. Thiv eisconception probably ore 
igineted from the oractice of sanding or abrading the 
surface in order to clean it, amd inetructione to sand 
the metal gurfece are not invelid es lone ae there is 
to be no chemien] cleaning. However, for many applie 
eetione a chemival cleaning le fester, more econan~ 
icei and should be employed. 

Thies hae reeentiy been substantiated by 
over (34) working with glaee specimens, ‘This deepite 
the feet that mete] eurfaces are crystalline in nature 
ond glace ie non-crystalline. 
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TAME 4 


adhesive *Texteoii te* 
Gurface Cleaning heetone 
ture Temperature 166% 

Gure Pressure 200 pel 
Cure Time 15 ainutes 
Hechenical Treatsent mill finish 


Colum Averagey 2400 8422 1882 


* “ierescepie examination revealed the presence 
of motel slivers an@ oxide perticles in the failed aé- 
hesive. The apeciaene appoered te have « heavy oxide 
costing. 
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Tt ie believed that the significant difference 
obeorved in tuble 4, hen the # 8 Aluminue date are in- 
eluded, wan the result of poor wettebility. The eater 
break test wae used ae the criterion of oleanliness. 
it ie poesidle that something in the hiatery of the 
specimens resulted in good water wettability, cut lew — 
adhesive wettabllity. — | 

These epecimens, after failure, were discarded 
and new specimens recently sllled were weed for the test 
date in table @ which did not show « significant 4iffer- 
ence by the T test. 

The rewuite of table 4 are ineonclusive, and 
the ooliection of sore data is indicated. However, the 
results of the standardization tests indieate that mest 
adhesives heve a greeter affinity for one metal then 
for gnother, even though there ia noreeliy no signifie 
cent verliation for the three metale tested on a Sper 
cent level. For apoiieetions requiring sexives 
etrength, vee must be made of a apecific edhesive prop 
erly selected. 
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CHRBICAL Chi ANT EG 


The methods of cleaning sre self-explenatory, 
exeept for the epecial treatment. ‘Thie special treat- 
ment Goneisted of imwersing the parte in the cleaning 
bats, meinteined at a temperature of 160 degrees Ff. for 
& period of five minutes. The composition of the clean= 
ing beth wae ae follows 

Agdium Metesilieate (Anhydroua) 3.6 ounces 

Alkyl Aryl Sodium Sulpbonate %.4 ounees 

Tap ®ater . 1.9 galion 

lamodiately after removing from the cleaning 

_ bath, the parte vere rinsed in running weter and the 
surfaces examined for die-continuity of the water fils. 
if the water film vex dieoontinuous, the parts were 
again ilemereed im the cleaning beth, se epecified shove, 
ang ringed. The cleaning and rinsing wae repeated amtil 
the water flim mainteined ite continuity. 

The parte were then imwerced in the chrome 
acid teth, maintained at «a temperature of 140 te 180 
degrees F. for a period ef three oinutes. The compoe- 
ition of tae obromic acid bath wae ae followe: 

Ghromio Acid & per cent by weight 
Tap Vater 25 per cent by weight 

After removing from the chromic seid beth, the 

parte were rinsed in distilied water and dried, 
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TABLE & 


Adhesive "Textoli te* 
Sure Temperoture 165% 

Qure Preesure 300 psi 
Qure Time | 15 minutes 
Mechanies! Find sh mili finish 
type of Metal mild steek 


Chemioal 


i 
Surface Sleetrolytic 
Treatments _ Eth 
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2330 2630 2610 2380 
2550 2470 2640 7860 
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TABLE 6 


Adhesive * foxtolite” 
Gure Temperature 168% 

Cure Preseure 300 pad 

Cure Tine 15 ainutee 
#echenies) Finish mii) finish 
type of Retal 17 8Y alueinum 


2760 pel 2710 ped 
2690 1430 
2470 1180 
Column 
Average) 242% 2807 2555 1690 
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‘nalysie of tables 6 and 6 indiesate quite con~ 
Glusively that there ie no significant variation between 
the nethods of chemical cleaning that were tested. How 
ever, there ie a significant difference in tensile 
strength between clean and wnolean epecimens. Thie in«- 
dicated that the moet economical method of chemical 
Cleaning sheuld normally be used. 
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The third adhesive investigated has the trade 
name “Redux", ond ie a liquid thermosetting resin de- 
signed for bonding netal-to-metal und metal-to-wood. 
This is a phenolic -CH, base adhesive with a vinyl 
resin added. It requires the use of an seid eetalyet 
in the forme of a steble, white granular powder manu~ 
factured by the Resinoue Producte end Chemical Company. 
One of the greatest limitations is ite storage oroper~« 
ties. The liquid Nedux must be refrigerated, ond bag a 
moximum storage Life of about two months. | 

The deta for Redux are in tables 7-9 incluae~ 
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TAGE 7 
Adhesive Liquid Redux with catalyst 
Qure Temperature 149% 
Cure Pressure 300 pei 
Sure Time 16 minutes 
Mechanical Finish mill finish 


Coluan Averaget 4063 4370 


Wo significant variation by the two-teil T teat. 
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ADHESIVE FILES 


One of the major problems in the ues of ad- 
hesives ie in their applicetion. ‘hen using liquid ed- 
hesive, it ia difficult to obtain uniform cependable re~ 
sults, even with experienced personnel, The lengthy 
time of drying and preeure prevente the use of adhesives — 
in many metal-to-netal bending applications. The elim — 
ination of these two operations would extend adhesive 
bonding to many moxye applications. 

the industrial iaplieations of using edhesive 
filas in sreference to liquid adhesives are numerous, 
The use of filme, where applicable, will reduce wastage, 
@liminete meseay hendling, allew wider use of unskilled 
labor, ¢iiminate holdup-tleas remlting from the preaure 
ang pre-drying operations, and ineure sore uniform and 
mere depencable results. 

in thie chase of the work the impregnation of 
¥oricua papers and textiles with adhesives were invrest~ 
igated (25). Moet of the textile fabrics proved unest- 
isfactory beoenad the fibere either eupported too much 
a¢hegive or gave uneven, irregular tepregnetion. The 
papers teatec were filter paper, lene paper, celiuilose 
wadding, tiseue paper, glassine pauper, ond especial 
Slaetio papers (18, 38, 47). The moet successful ap~ 
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plications were with uncalendered tissue paper having 
ehemically pure eellulese fibere. Sven then trouble 
wae experienced with adhesives having a low PH beoause 
of the acid attack on the osliulese. 4fter considerable 
investigation and studies, tiseue paper wae eatisfac- 
torily iapregnated with Redux, Cyolewelé, and Fidobend. 
These experimental impregnated filme were teeted, and 
the regulte compared vith on industrial experimental 
film that is mow in pilot plant production. This filme 
is "Permacel] #1525", menufactured by the Industrial Tepe 
Gerporation. After etudying the properties ef these 
filma, it wae concludsd that filme properly selected 
gould be used for sont industriel applications. Fore 
ever, not 211 adhesives lend themesives to the forma~ 
tion of impregnated filme, Under euch clroumetances it 
should be possible to use dried filme of the adhesive 
ae in “Permpaee] 1625". However, thease files, unlesa ox- 
tremely thin, are sere brittle than impregnated files. 
The reeulte of teste using experimental filme are in 
tables 6, 9, 10, ami il. 
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The experimental film wae made by cubmerging 
shects of thin tiesue paper in a conteiner of medium 
viscosity Redux for two hours, removing, dreining, and 
remubmerging for « similar period. This was followed 
by « one hour period for draining and drying before eut- 
ting the film to size onc making the sevesblies for our<- 
ing. Thie orecess: gave « final cured glue line of ap~ 
proxiwately three mile thicknese when one layer of fils 
wae used. 
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TABLE § 
Adhesive | experimental "Redux" film 
Cure Temperature 180% 
Cure Preesure 300 pad 
Sure Time iS minutes 
Weohanical Finish mill finish 
Cleaning Agent acetone 
Thickness ef File one Loyer 


type of metal: 


Column average! #338 2592 
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Adhepive Experimental "Redux" Film 
Oure Temperature 340% 
Oure Pressure | $00 pei 

Cure Time 15 einmutes 
Mechanics) Finish mili finish 
Cleaning {ent ace tone 

Type of Metal 1? 8? aluminas 


i 3 oO 
File 2 layere* 2 layere*? . 1 layer* — 
Thickness | After 3 sonthe After 3 montha 


2430 8280 
879 G4B9 


Colum, 
AVerazet 2628 2286 2380 


* Speeimene were prepared and tested ac soon ag the 
impregnated carrier filme were made and dried. 


** Soceimens prepared 3 months after the file was wade 
anc stered. 
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PLI BORD 


Plibond ia a viscous, ten colored thermoplastic 
adhesive manufactured by the Goodyear Tixe and fubber 
Goespany. This is a rubber bece adhesive having 20 per 
cent solide in a selution of sethyl ethyl ketone. This 
thermoplastic adhesive wac used to give an indication as 
to how therseplastic sdhesives compare with thernosetting 
adhesives; the date are in table 10. 


SCL evELD 


Two tyoee of Cyeleveid menufactured by the 
Chrysler Corporation vere aeed in the flim formation, 
The C-3 Cycleweld ie « mixture of phenol formaldehyde, 
earbon black, rubber and solvente (36, 37). 4 seen — 
from the dats in table 10 this adhesives does not Lend 
iteelf well te use ac impregnated filme. The 55-? Cyele~ 
eld which te ales « phenolie rubber bave adhesive gave 
more ehoouraging resuits when used ae en iapréegnated 
fiim than did the «2 Cycleweld. 
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| The data for impregnated tiseue paper filme are 
presented in tables 6, 9, and 10. The reduction in ten- 
sile strength when using carrier film adhesives, se com 
pared to the same adhesivee in liquid form, aret 


Cyeleweld 65-8 24 
Cyeleveld C«3 82 
¥liobend 6 
Redux 42 


However, in all cases except Cyoleweld C3, 
the impregnated film gave good enough etrength for normal 
applications end development work should result in better 
strength properties for theee films. Soue adhesives, such 
ae Cycleweld C-3, are not well adapted to use ae iuoree~ 
nated tianue paper fllas, and under such circumstances 
dry fiime of the adhesive similar to Permacel 1626 can ue- 
wally be made. 

Some papers could not be imprecnated because 
they Gisintegrated upon contact with the adhesive, 
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TASLE 12 


Adhesive ‘ *Permacel 71535" 
Polyvinyl Butyral Phonolie Fils* 

Sure Temperature 180° 
Gare Preseure 200 pad 
Cure Time 15 minutes 
¥echanion] Finish mill finieh 
Type of etal mild eteel 
Thickness of One Layer of Loree atte ~ 

Piis three wile 
Cleaning Agent acetone { en ia eolumne 


3700 ped 
4100 


Column — 
Average: 3618 
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TASLE 11 (continued) 


4 bs 8 
$810 pei 3846 pei 
+3960 . 4310 
Colwue 
Averaget S782 4155 40328 
7 8 
3790 pal 
3689 
3889 
Colum | 
averavet S888 3180 


“Experimental Film + eee oo material not yet in 


**Goated with General fleetrie's organo-silicen water 
repellent fila number 9e77«2. 
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Yrom the data in tables 6, G6, and 11 it would 
appear that cleanliness is a wore importent veriebie in 
film bonding then it is in Liquid bonding. This may be — 
because the liquid reesulte in a washing action on the k 


. 2 a ' 
hw 


& plausible explenation for the high results 
obtained with *“dri-file" in table 11 is a chemical at~ 
tachment of the adhesive to the organosilicon film de- 
apite the reduction in wettability of the metel surface 
by the “Gri-film’. This ie apparently the result of af- 
finity of the adhesive for the polar molecules of the 
silicon film. Also of importance ie the fact that while 
" *@ri-fiim’ appreciably reduces the water wettebility, 1+ 
reducé¢s the adhesive and solvent wettabllity to « mach 
Leaeer extent. Thies enpendines # point thet ie apper~ 
entiy not realized in industry. The point is thet « 
better eriterion of surfsee conditioning would be the 
degree of solvent and adhesive wettability rather then 
the weter wettability (16). ‘Thies te driven home by the 
fact that the water Sresk teet und the contaet angle 
test both indleste that the orgamosilicon film ie « 
poor bonding surface, yet 1¢ gives excellent resulta. 

¥rouw table ll the reduction in etreneth of 
Permaoel 1525 after four sonthe storage wae about 10 per 
vent. This was found deepite the lack of apecial seter- 
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age feoilities. Table 11 also shows that inereneing the 
film thickness reduces the bond strength. Thie te ius 
wounet graphically on page G1, and confirma the remlte 
“previ # investigations (15, 29). ' | 
i For the flame cleaning » blast lemp with a 
yeen, natural gee flame was used. Thie offere a rap 
. e@onomieal method of degreasing and removing the adsorbed © 
eurface film ehere the ehange in phyeicel properties of 
the metsi, brought sbout by the heating are not objection- 
able. This is s new method of cleaning for sdhesive bend- 
ing end e literature curvey failed to reveal any previous 
investigation slong these lines. The method compares well 
@ith chemical cleening as seen from table 11 and hes mony 
industrial ivplications. | 1 


From tables 8, 9, 10, and 11 the per cont reduce 
tien in teneile strength after storage aret 


Betal~to~aetal Length of Fer cent reduction — 


A ei & wonths 2.8 
Gycleweld 55-9 & sonthse 5.8 
Permacel, 1526 & wonthe 19. 


The storege weg in an ineide cabinet during 
the winter monthe when the bumidity was low ond the 
temperature seldom sore than 18%, 


bf fy ae iy - i ee Ect ie Dace oes 
a ; a, > ’ ne,’ J = 


| 1 game Peng « gaseeeio vaalt poi 
siete Sid? .beay ene emalt any taruts 
; ys edt yatvonss oe c) ‘ie? m4 
ivomet bra auto tge® ‘te boston iaok 
. Ag Bu 


Sheena ere Se 


Lg HER ces Se. ? we : 

edt Suede Saget Rake 
: ” oe A & tal es! ¢ s dud ‘ rer he eon y 
nto gataseie te bodt om wae a Ld efsT . agen 


ie 
NS eae a3 Ge 


oat Wo 


‘ot ‘bested peru orut scot H1 r fate 
% 4 ~ Siaee? uke ee eee, was « oy tere. 
le tase $ue® okt) ay Bes : i wee KASS 

| "EL aide mor) goes v2 grinecso Ieoimeds 42 e- 


re 

‘ tee ret e¢ . ees ; 

1a oe : senoitsoliqnt ialspeubat 

“ «i pie #& OE TFs Ato forties O83 27a GS off . PROWESS 
Paras 


wouter dave tog uh i as 0 o .8 veld? sort 


i # ae Fil i Te : ' & Viz Ze 


is eis tye se oLtenot mh okt 


eeka 
seo TA Hee ES ut 


+ BO exe Ah anal 


we ¥ fr 
asizaen £ 
ay * 
adscon > 
- es > » x e } 


gaiteh senkdee ebient ae ad vow saatote oot 
‘edt Ome wel caw vttbiabd ent wetw adecom todade ods 


61. 


Zaaee@s 
TRmamae 
Te | 


or 
1] i 
us am 
B 


we 


ESSE ARBSS 
SRR saroE 


Z 
“i 
a 
8 
~ 
& 
a 
a 
a 
a 
a 
L 
id 
1] 
a 
fi 


J | a 
RESS SPese 


Correlation of Tensile Strength and Film Thickness. 
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Gongiderably more data were eollected during 
the experimental work, some 500 apecimens being teated 
in ali. Only dete having direct bearing on the results 
are included in thie presentation. 
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SUMMARY 

It is recognized that surface properties have 
@ direct bearing on the strength of adhesion. However, 
adherence to a chemically clean surface appearn to be 
wore a function of the relationship between the setive 
groupe on the molecules of the sdhesive and the surface 
being bonded, than a function of mechanical surface 
treataent. Thie can only be verified by the successive 
elesination and evaluation of mechanics] variables by 
methods that present techniques are unable to analyse. 
The fact that most moleqularly associated substances 
contain hydrexyl or related groupe leade to the eonclus- 
ion that thig type ef bond wey play an iaportent part in 
the role of oohesive and adhesive phenomena end will dif} 
fer from metel to metal. Tenelle teating and anelyeie of 
vertiance were used to meagure the significance of the 
Variables studied at the 5 per cent probability level. 
The humidity was controlled only om the firet three 
teats. Ten industrial sdhbesives developed during or 
eines Sorid War Il were atudied, siz of which are re- 
ported in the deta. The preparation and use of lapreg~ 
hated filme war aleo etudied. Of the impregnated filme 
teeted, ordinary uncalendered tieeue paper gave the best 
remulte. 411 teat data presented on the wee of iapreg~ 
neted papers in sdhesive applications were with tissue 
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paper es the cerrier film. | 

The preeure must be euch that polymerization 
is not extensive. High degrees of polymerization, be~ 
fore aseembly, result in lose of strength at the adhes= 
ive-adhesive interface when the assembly Le made. | 

Rapid drying reeulte in blistere and cracks. 
The thicker the file the slower the dry must be; the op~ 
tiwas ie a film just eufficientiy thick to prevent a 
eterved joint. 

Presoure during the eure operation serves the 
foliswing funetionet 

i. Proper flew of adhesive. 

2. Welds the mating surfacer in proper poaition. 
3. eduoee the void epace in the adhesive. 

4. Ineures even pressure distribetion. 

Degagelag of the adhesive followed by flowing 
it between the mating surfaces by capillary ection re- 
sults in a sen-perous joint. 

Thie investigation indicates that (1) There 
is mo significant variation setween the bonding prep- 
erties of the normal types of chemical and mechentos) 
ourface treatwents ae long ac the surface is ehemicaliy 
Glean ond free from dirt omc greoage. (2) A apecifie 
agdheeive distieye a greeter affinity for one type of 
metel than for enother, depending upen ite composi tion. 
(3) Adhesive filme and iwpregnated tapes oan be pre- 
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pared ond employed advantageouely in industrial appites~ 
tions. (4) Fleme cleaning may be uced to satisfactorily 
clean metal surfsaoes prior to bonding in applications 
wheres changes in the properties of the metal with heating 
are not odjectionable. Thie is « new approach to surface 
leaning and has industrial possibilities. (5) Bond 
etrength diminishes aa film thicknese increases. (6) The 
eriterion of cleanliness showld be adhesive and solvent 
wettabdllity not water wettabliity. P 

The reduotion in tensile strength when using 
carrier film achesives ae compared te the same adhesive 
in the liquid form | 


Pliobona & 
Cysleweld 65-9 a4 
Redux 40 
Gyoleweld C<-3 @i 
The reductions in etrength of the filme after 
eterage are 
Type of Lemeth of Per cent reduction 
Cyeleweld 66+? S months $.9 
Reduz 2 monthe 8.8 
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Analyste of variance offers solutions for two 
kinds of problema: 

Le Deteotion and eetieetion of conetant relations — 
awong the means of cub-groupe of the population 
of objeotes concerned. In other words, 1¢ is 
ueed to detect and estinete the parameters de- 
fining fixed constant relations smong the pap- 
wiation means. 

2. Geteotion and estimation of components of var~ 
lation sasociated with a composite population; 


thet ic, 4% can be used to eatimate the eompon- 


ents of variance. 
The guneral purposes of analyele of variance 
aret 
i. To perform teeta of algnificance. 
8. To peform estimates of treatwent differences 
that are of concern. 
3. Te determine the ageuracy of catimates by ate 
taching to them confidence limite. 
The assumptions invelved in making on analyeie 
of verience are! 
1. The treatment enc environmental effeete must be 
adci tive. 
%. The experimental errors must all be indecendent. 
%, The experimental errors eust be normeliy die- 
tri outed. 
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7. 


fo athaed, Many investigators have pointed out that no 
eerious errors are normally introduced by non-normality 
in the significant levels of the F or two-tailed T teat 
(9, 20). In this investigation the 5 per cent proba- 
pility level is used throughout. | 
Thia work demonstrates the general applicability 
of statictieal analysis to problems in chemiesl testing. — 
The limitation of tine for teating eae such that it was | 
neceeecary to use statistics] anslygle on the data. A 
ingle application of the anelysie of variance ie well 
adapted to the partioular prebles. Graphiecsl analyeie 
would have required the running of a much greater rumber 
of eemples. The analyele of variance wae selected as the 
wuecane of presenting the date beoeuse It provides a basie 
for analysing a number of variables simultenecusly. The 
problem os enalyced ic a series of saeples taken under 
Varying conditions. The use of variance anelyei¢ te con=< 
tingent upon the samples being from a normal distribution. 
The anelysie of varianee ie set up for K condi~ 
tions with Ef random specimens for each of the FE conditions. 
The variables were rendomizec by giving each of the samples 
of the exveriment on equal opportunity of having any pare 
ticular value of the rendomized varieble aenceiated with 


it. The variance is: 
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72. 


Rearranging 6nd expanding wheve Xx « Kk © column mean. 


i es, Ea a, ® 
% Fox - 2) *2 an (Xi ~ Xk) + (Xk = K) ) 
5 Sat = Xk)* + (xk = )* + 2 cross product 
iu s 2 
> 2 arose product = 25°Xt Xk « xi X - x + Xk E 
° é 


N i 
© 2Ke2/xa- 28 7a - 2 wie + 2 Kole 


sch Zu-2xZxi- 2S Me 2k S 


« © 


anes . 
So (xt = 5? “5 F (xt + mk) + (ae = H)* ie 


oS Hx ~ Tk)” + y (Tk - x)? 
66 Ca) 


oS Bout « ky? + Fa (ke - 1)" oe 


*Sinoe X for each colum is constant through § for each K condition. 
First sum through K end then through the N's. 
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13-6 
Total variance “SS cn). 5 Sx)" =R-P, 
KN 


«A +B 
where A = variance between columns, 
B= variance within colwms 
B = totel variance - A 


son Scent Seat - Ebro, 
a KN 
= « P, 
F test = 4/B 
Xk = Xe = column moan = 3 Xt 


It is constant as we sus through N. 


For application of this to the data see page 74. 
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SAMPIZ CALCULATIONS 


74. 


Dividing Xi in Table 2 by 10 and subtracting 250 givens 


2 2 
X4y Aiy Hi, = My ‘Mp My 
2809 53 49 “7 25 “5 
196 14 82. -9 100 “10 
256 “16 129 27 256 = 16 
324 8 wh, Pm ~~ a 
an : < 
a | 
2x4) = 3585 884 382 
884 
381 e ox)? = P= 243 
4850 = 58 (x)" -» * d 
2243 (S$ Xi)" = S = 1494 
= Total 
i281 ‘ =243 
3356 = B A # 1251 
Source of |. Variation or Sum Degrees of 
Varia tior 9% ogquered Deviatio: frecaom variance 
ion. . ues 
A 1252 
9 373 
B 3356 
Total 4607 roy ome 
F = 5% Tables © 4.26 | 
626 is OB 
f « 373 = 1:68 


No significant variation. 
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